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Observation of K=1/2 octupole deformed bands in?>Th
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High-spin states irf?’Th have been populated using the reactféiRa(«,3n)??’Th at a bombarding energy
of 33 MeV. The high-spin rotational structures of this nucleus have been refined and extended. In addition, the
linking of these structures with the low-spin states known frott) o decay has allowed a comprehensive
decay scheme of this nucleus to be assembled for the first time. Four previously known rotational bands are
interpreted as Coriolis coupled™=1/2" and K™=1/2" bands, in agreement with predictions using a
reflection-asymmetric mean field approach. The determination of decoupling parameters for these bands is
consistent with the(K™=1/2*)=—a(K™=1/2") rigid octupole rotor expectation. A further rotational band
is interpreted as having™=3/2". MeasuredD,/Q, ratios are consistent with an interpolation of the values
given for neighboring even-even nuclei, providing further evidence for the significance of strong octupole
correlations in this nucleus.
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[. INTRODUCTION experimentally by the existence of parity doublet structure
for the K=1/2 bands and simple rotational structure for the
The long standing predictidi,2] of reflection asymmet- K=23/2 bands. In the case #f=1/2 bands the Coriolis in-
ric nuclei has been the subject of much experimental workeraction leads to signature splitting and displaces intrinsic
over the last fifteen years. The susceptibility to this spontaparity doublets. Within the framework of the particle-plus-
neous reflection symmetry breaking effect arises from theotor model the Coriolis signature splitting represents a par-
proximity of (N,l,j) intruder orbitals andN—1, —3,j —3) tial decoupling of the single-particle motion from the rotat-
states. This condition is satisfied fNror Z=34, 56, 88, and ing core. Thedecoupling parameter,as a measure of the
134, leading to the expectation of several nuclei that comstrength of this interaction and can be deduced from mea-
bine such proton and neutron numbers as candidates for tlseired level energies. The most convenient method to identify
observation of reflection asymmetry. Indeed a large numbereflection asymmetry in the spectroscopykof 1/2 bands is,
of experimental evidences have shown the existence of reherefore, to determine decoupling parameters that follow the
gions around these candidate nuclei where the octupole irelationshipa(K™=1/2*)=—a(K™=1/2") in the rigid oc-
teraction leads to reflection-asymmetric shapese Refs. tupole rotor limit.
[3,4] for a review of experimental and theoretical develop- Much work has been performed previously &ATh [10—
mentg. The light actinides situated arourit=88 and N 14]. Low-energy states have been populated bydhdecay
=134 have been experimentally shown to exhibit the largesdf 23U, the e -capture decay of?’Pa and theg decay of
octupole correlations. The possible coexistence of symmetrié?’Ac. These studies allowed the determination of the ground
and reflection-asymmetric shapes in this region was first prostate spin and speculated on the identification of several
posed by Chasmafb] who performed the earliest micro- bandheads to whickK values were assigned. The need to
scopic calculations on odd-nuclei including octupole de- extend the known structure to higher spin led to a further
formation. This study predicted the existence of such arexperiment using the compound nucleus reaction
effect in 22Th. The calculations suggest that this coexistence??®Ra(«,3n)??’Th at 33 MeV with in-beam measurements of
of shapes should manifest itself in the observation ofbhoth y- and e -decay by Mannst al. [14]. Although this
reflection-asymmetric orbitals witlk=1/2 and symmetric study did identify many rotational bands to much higher an-
orbitals with K=3/2. These states lie closest to the Fermigular momentum, it was not possible to convincingly corre-
surface. More recently a reflection-asymmetric mean fieldate the high- and low-spin structures, hence no parities or
approach by @iok and Nazarewic6,7] has also predicted spins were assigned to the unlinked rotational bands. We
22ITh to be one of the best candidates for the observation afeport here on the results of an investigation®8frh utiliz-
such shape coexistence. One of the main spectroscopic fimg the same reaction and bombarding energy as Manns
gerprints of reflection asymmetry in odd mass nuclei is theet al. The use of a more efficient Ge detector array has en-
existence of parity doublets such as those observéd®th  abled us to collect in-beam-y coincidence events with
[8] and ?*°Th [9], and so this prediction would be supported much greater statistics than previously observed. We have
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TABLE I. Transition-energy lists used in the analysis of the  TABLE Ill. Same as Table Il for the intraband transitions as-

v-y-y coincidence matrix. signed to bands 3, 4, and 5.

List Description EnergiegkeV) E (keV) Lot I, le- Assignment Band

A Intraband transitions 162.0, 215.7, 263.7, 224.5 (23/2 —19/27) 3

of band 1 306.0, 342.7, 373.5, 396.7 268.5 1.7 14 <05 (27/2—-23/7") 3

B Intraband transitions 119.1, 169.4, 223.7, 275.0, 311.3 15 1.3 <05 (31/2—-27/2) 3

of band 2 321.0, 360.6, 394.5 350.8 (35/2 —31/2") 3

C Strong lines and 64.8, 89.9, 93.1, 105.6, 385.8 (39/2 —35/27) 3

x rays in 2>Th 169.4, 178.7, 211.2, 223.7, 126.5 32.0 6.2 25.8 (712-3/12%) 4

265.7, 275.0, 303.7 178.7 25.7 12.7 13.0 (1112-7/2) 4

2247 216  15.0 6.6 (15/2—11/2") 4

265.7 11.6 8.9 2.7 (19/2-15/2") 4

been able to connect the previously known high- and low=303.7 5.6 4.8 0.8 (23/2-19/2") 4

spin structures irf?’Th and from the ensuing assignments of 333 6 1.6 14 <05 (27/2 —23/2") 4

parity and spin to the rotational bands deduce a more conz71 g <05 <05 <05 (312 —-27/2") 4

prehensive interpretation of this nucleus. 401.7 <05 <05 <05 (35/2—-31/2") 4

253.6 5.9 46 1.3 (17/2-13/2") 5

Il. EXPERIMENTAL DETAILS AND RESULTS 297.6 3.0 26 <05 (2U/2-17/Z") 5

334.4 1.2 1.1 <05 (25/2—-21/2°) 5

A 226Ra target was bombarded by a 33-MeV beanmuof 364.9 <05 <05 <05 (29/2_,25/2) 5

particles provided by th& =130 cyclotron at the University

TABLE 1l. Measured properties of the intrabandray transi- of Jyviskyla The target consisted of a 25£g/cmz thick
tions assigned to bands 1 and 2 including efficiency-corrected reIaRa(Nq)2 layer, separated from other elements and daughter

tive intensities. They-ray energies are estimated to be accurate to . _ -
+0.3 keV for the strong transitions (> 10), rising to+0.5 keV for grr%(rjﬁctts gni S;?gsdlteetgcl:sg?ne:hi% lﬁg/scnrfefel ;)frl;k";?[ﬁate d
the weaker transitiond,,; and .- have been calculated fro ptyray P Y

using internal conversion coefficients taken from R&f]. Except around the target position. The Jurosphere array Cons_lsted of
where otherwise specifiethy, |,,, andl.- have estimated uncer- 15 Eurogam Phasef[LL5], seven TESSA-typ@lG], and five
tainties of 15% for the strong transitions, rising to 20% for the NORDBALL-type [17] detectors with a total photopeak ef-
weaker transitions. Doublet transitions, markedave associated f!CIency of 1.7% at 1.33 MeV. In total 1:610° y_degxuta-
uncertainties in intensity of 25%. In some cases the intensities coultions of fold 2 or above and 2:010" y deexcitations of

not be estimated without incurring even larger uncertainties andold 3 or above were collected.

have, therefore, not been given. A prime example here is the 106.0 Demanding a fold of 3 or above was found to heavily
transition: This transition is masked I, x rays and 105.2-ke\y ~ reduce the unwanted backgroupdays from the radioactive
rays and proceeds by 90% internal conversion makimgy inten-  decay of the 12«Ci ??°Ra target. For this reason, all the

sities prone to a large error. spectra shown have been drawn fromp-g+y cube, analyzed
using theRADWARE package. This has enabled cleaner spec-
Etor (keV) 1ot Ly le- Assignment Band  tra to be produced at the expense of statistics. In cases where
1060 (3292 1 e ations of comaidences on the o romain.
162.0 614 246 368 (17;2_)13@) 1 ing axes. In some cases a list of transition energies has been
215.7 502 832 170  (2U/2-17/') L used such that a projected spectrum consisty odys ob-
263.7 350 278 7.2 (2572>21/2") L served in coincidence with one or more members of the list.
306.0 158 13.6 22 (2912-25/2") 1 The transition-energy lists are given in Table | together with
342.7 65 58 07 (33/25292") 1 a brief description of their origin. Lists of all the-ray tran-
373.5 20 18 <05 (37/2-332") 1 sitions assigned t3%’Th, which have been observed in our
396.7 07 06 <05 (41/2-37/2") 1 study are given in Tables II, lll, and IV along with relative
412.6 <05 <05 <05 (45/2—41/2") 1 intensities. The two unconnected high-spin rotational struc-
119.1 100.0 157 843  (972-5/27) 2 tures observed are shown in Fig. 1. The six bands shown
169.4 79.8 353 445  (13/2-9/27) 2 have all been observed previously by Marmtsal. [14] and
223.7 64.6 446 200 (17/2—13/2) 2 the same band labels have been used for ease of reference.
275.0 376 307 6.9 (2172-17/2) 2 Four of the rotational sequences have been extended to
321.0 17.7 155 2.2 (25/2-21/2°) 2 higher spin(see Figs. 2, 3, and 4 for the relevant specarad
360.6 5.9 54 <05 (29/2—25/2") 2 crucially, band 4 has been extended to lower spin due to the
3945 15 1.4 <05 (33/2—29/2) 2 observation of the 105.2-keV and 126.5-keV transitions. The
4235 <05 <05 <05 (37/2—33/2) 2 existence of the former is inferred from abnornkg} x-ray

intensities in several coincidence gates and from the presence
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TABLE IV. Same as Table Il for interband transitions. 1
E (keV) Lot I, o Assignment Band -1 2
72.2 241 188 5.3 (512-3/2") 24 (anze - 4
64.8 14.8 10.8 4.0 (912—7/27) 2—4 3
55.6 (13/2 >11/27) 24 T G :
54.5 (17/2 —15/2°) 24 —T\ 967 5 6
54.3 (912 =7/127) 4—2 -1 :
105.2 (712 —) @ — . —
113.9 308 225 83  (11/2-9/27)  4-2 1 943 K 3
169.7 290 254 36  (15/2—13/2)) 42 373-5 v Q) Fses| &
211.2 17.4 16.1 1.3 (1912-17/2°) 4—2 @ A - —
239.8 7.5 71 <05 (23/2-21/2) 42 — 3606 & & o
257.4 32 30 <05 (27/2-25/Z) 42 A7 ] e A B
64.4 100 7.2 2.8 (7/2-5/2") 33
190.6 (15/2 —13/2")  3—1
209.4 5.9 54 <05 (19/2—17/2") 3—1
218.2 4.2 3.9 <05 (23/2—21/2") 3-1
223.0 1.2 1.1 <05 (27/2 —25/2%) 3—1
228.3 0.6 06 <05 (31/2—29/2") 3—1
236.4 <05 <05 <05 (35/2—-33/2") 3-1
248.7 <05 <05 <05 (39/2—-37/2") 3-1
233.7 10.9 10.2 0.7 (13712-11/2%) 5—4
262.6 9.6 9.1 <05 (17/2 —15/2%) 5—-4
294.5 5.6 54 <05 (21/2 —19/2%) 5—-4
325.2 0.9 09 <05 (25/2—23/2") 5-4 FIG. 1. Rotational bands in2?*Th observed in the
351.5 <05 <05 <05 (29/2—27/2") 5—4 22%Ra(a,3n)%'Th reaction at 33 MeV. The circled transitions are
2535 1.3 1.2 <05 (—17/2°) 6—5 those which have not been previously observed. Dashed transitions
269.7 0.6 0.6 <05 (—21/2) 65 represent tentative placements. The band number labels are referred
2799 <05 <05 <05 (—25/2°) 65 tointhe text

Further differences exist between the scheme shown in

of a 99.2-keV transition that was observed bylMduet al.  Fig. 1 and that proposed by Manes al. They proposed a
[13] to decay from the level to which the 105.2-keV transi- 72.2-keVE1 transition depopulating the level in band 2 fed
tion decays. It is impossible to determine the energy of théoy 223.7-keVy rays and feeding the level in band 1, which
105.2-keV transition conclusively due to the ubiquitousdepopulates via 162.0-keY rays. In addition, a secongl
105.6-keV thoriunK g, x rays and 104.8-keV thoriutd g3 x  transition of 72.1 keV was observed, which was thought to
rays, which incidentally also obscure the 106.0-keV transifeed out of the bottom of band 2. We have confirmed the
tion. However, in Ref[14], Mannset al. showe -e™ coin-  placement of the latter transitiorffavoring E,=72.2 keV
cidence spectra gated by the 163 and 169L,,, respec- rather than 72.1 kel but we observe no evidence to support
tively, in both of whichE2 transitions of~106 keV are the existence of two transitions with this energy. Theay
observed. While Mannst al. ascribe both of these coinci- spectrum measured in coincidence with the 72.2-keV transi-
dences to a single 106.0-keV transition, we note that théion is shown in Fig. 6 and clearly displays no peak at 162.0
peaks appear to be at slightly different energies and we beeV. The 64.8-keV and 54.3-keV transitions were also pro-
lieve the latter to be th&2 transition to which we have posed as links between bands 1 and 2 by Maetred. These
assigned an energy of 105.2 keV. A reexamination of thes&ansitions are observed only weakly in the current data, pre-
spectra would be welcome in the light of the present decaglominantly due to the low efficiency of the Jurosphere array
scheme. at such energies. However, the observation of a peak at 64.8

Gating cleanly upon the 126.5-keV transition is difficult keV in the coincidence spectrum of Fig. 5 is in accordance
as the line is strongly contaminated. For this reason avith the scheme of Fig. 1. Moreover, the observations of
transition-energy list has been composed, which contains thlanns et al, which led to the alternative placement, sug-
energies of the three strongest thoriknx rays and also gested coincidence between the 106.0-keV and 64.8-keV
some of the??'Th vy rays that are seen most prominently in transitions, which can be explained through the introduction
the data. The energies contained in this list are displayed inf the 105.2-keV transition. It should be noted that in general
Table I(list C). To “clean up” the 126.5-keV gateyrays are  the coincidence spectra observed in the work of Maetred.
projected, which are observed in triple coincidence with aare more easily explained by two transitions around 105/106
126.5-keVy ray and a member of the transition-energy listkeV as done in the present work. Spectra gated by 106-keV
C. The resultant spectrum is displayed in Fig. 5. transitions are particularly difficult to reconcile if only a

064315-3



N. J. HAMMOND et al. PHYSICAL REVIEW C 65 064315

T T T T T T T 1000 ‘(a)

263.7
223.7
275.

1000

2157

g 800 g 3
600 B
400
200

162.0

500

Kmyiﬁx—rays
02283
$236.4

(e}
To=-1060+
1
L
02230
-
~
3
—
_% 3427
350.8

Counts
[

(b)

7

5 250 % - % &
¢ 200 2
150
100
50

— 215.7

Counts

KmvﬂBXArays

[9)]
[e]
106.0 +

h b ' S0 b g At Y, oMty SIAEY EN
100 150 200 250 300 350 400 450
E, (keV)

FIG. 3. y-ray spectra showing band 2 and high-spin transitions
in band 4.(a) The projection ofy rays observed in coincidence with
two or more furthery rays two of which must be members of the
transition-energy lisB (see Table )l (b) The projection ofy rays
observed in coincidence with two or more furthgerays of which
E. (keV) one must be a member of the transition-energyBisind another a

v 239.8-keVy ray. The symbolsC and ¢ are used to denote inter-
band transitions and thoriulk x rays, respectively.

FIG. 2. v spectra showing the evolution of bands 1 and 3 with
increasing spin(a) The projection ofy rays observed in coinci-
dence with two or more furthey rays two of which must be mem-
bers of the transition-energy ligt (see Table)l (b) The projection A. Connecting high- and low-spin structures

of y rays observed in coincidence with further two or mereays . . .
of which one must be a member of the transition-energyAliand The connection of the rotational levels to the low-lying

another a 228.3-key ray. (c) The projection ofy rays observed in  States known from decay work is vital to assign spins and
coincidence with two or more further rays of which one must be Parities to these levels and to deduce an interpretation of this

a member of the transition-energy listand another a 236.4-key nucleus based upon all the available evidences. The low-
ray. The symbol is used to denote interband transitions and thelying intraband transitions in this nucleus, which have ener-
label B denotes a background peak. gies below 100 keV, proceed overwhelmingly by internal
conversion, for example, a 76.5-kéB2 transition proceeds
only 2% by y-ray emission. Add to this the diminishing ef-

) . . ficiency for y-ray detection at such energies and it is clear
We should stress that in proposing the scheme of Fig. {‘hat a connection of high- and low-spin structure is impos-

we have assumed that the 178.7-keV transitionE@shar-  gjhje pased upon our observations alone. However, combin-

acter. Mann®t al. assumed this transition to &€l in nature ing our observations with those of previous authd3,14
based upon the strength of 178.7-kgVays and the absence gyggests the structure displayed in Fig. 7. The lowest-lying

of corresponding conversion electrons in spectra gated by  thickly drawn levels shown in Fig. 7 are known from the
the 106.0-keV transition. However, the obserwddand N decay work of Miler et al. while the connection of the ro-

conversion lines from the 162.0-keV transition mask lthe

andL,, conversion lines from the 178.7-keV transition and 200
slight differences in gating conditions around 105.2—106.0
keV could strongly influence the relative intensity of 178.7-
keV transitions observed by rays or conversion electrons.
We, therefore, find no reason to assulfe multipolarity for
this transition and we favor an interpretation based upan
multipolarity. It will be seen that the assumption®2 mul-
tipolarity for this transitionwhich is the exact energy sum of 50
two cascadeE1l transition$ allows the connection of the

rotational structure to the low-lying levels; is consistent with

Ill. DISCUSSION

single 106-keV transition exists.

(@) (b)
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the rotational spacings of band 4 and yieldg/Q, ratios E. (keV)
consistent with those for otheE1l/E2 branches in this v
nucleus. FIG. 4. Expanded scales () Fig. 2(a) and(b) Fig. 3(a), show-

ing the highest-spin transitions in bands 1 and 2.
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FIG. 5. Spectrum ofy rays observed in triple coincidence with
two or more furthery rays of which one must be a member of the
transition-energy lis€ (see Table)land another a 126.5-keyray.
The symbol # is used to denote thoriumd x rays.

13/2+ , 1822

tational bands to these levels is based upon the evidence ¢
our y-y-y coincidences as well as tlee -e~ ande™ -y co-
incidences of Mannst al. The positioning of the 119.1-keV 106.0
(band 2 transition is supported by the work of Manasal. B2
where conversion electrons from this transition were seen in
coincidence with conversion electrons from the 76.5-keV
and 68.6-keV transitions in addition to 72.1-keV and 64.4-
keV vy rays. The position of the 119.1-keV transition leads
directly to an energy difference between the=7/2" and
J7=3/2" levels of 126.5 ke\(refer to Fig. 7 for the spin and
parity assignments, the unusual spin ordering will be dis-
cussed shortly These levels are connected by the 126.5-keV
(band 4 transition observed in our study, with the coinci-
dence spectrum of Fig. 5 supporting such a placement. The
106.0-keV(band 1 transition has been previously observed
[14] in coincidence with conversion electrons from a 66.9-
keV transition and is, therefore, thought to feed the
=9/2* level as shown in Fig. 7. The 105.2-keV transition
ggngtee ds b(’; II?'/I'VUer aett 2ﬁ'isk:|\r/é;\(l;;/m:0£ %S’ t?]eeerllogrg\_/g\jlshéerved in the present study. The lowE& transitions of bands 1, 2,

t it t be ob d ol v due to th ?fd 4 are shown connected to the low-lying structure. The band
ransition cannot be observed cleanly dué (o tne Presence flqiq are shown to clarify the connection to high-spin structure and

105.6-keV thoriumK g, x rays, 104.8-keV thoriunKgs X gra not intended to label the low-spin sequences. This connection

rays, and in many cases 106.0-kgVays but this placement 405 us the spin and parity assignments of aimost all levels in the

is consistent with the coincidence spectra observed. In addigh-spin structure. The level at 99.2 keV possesses additional link-

tion to the 105.2-keV transition we have also shown in Fig. 7ing transitions to other low-lying levels that have not been drawn in

the transition from the 99.2-keV level to the ground state. Wene figure to avoid confusion; for a full description of these transi-

have not shown all of the previously observed transitionsions see Ref[13].

from the 99.2-keV level to maintain clarity in Fig. 7 and we,

therefore, refer the reader to the work of Nu et al. [13]  transition from the 204.4-keV (772 level imposes further

for more details regarding this level. However, a 105.2-keVrestrictions onJ™ for the 99.2-keV level in addition to those
proposed by Mler et al. [13] and we, therefore, label the

500 ——— — state as 3/2 or 5/2°.
722 keV gate

105.2

(3/2+, 5/2+)

FIG. 7. The low-energy decay scheme. Levels shown in bold are
known from decay studies and underlined transitions are those ob-

K, x-rays

5400 . B. Interpretation of rotational bands
5300 Loat The connection of low- and high-spin structure discussed
0 200 F T previously allows a ful??’Th level scheme to be constructed
100 as shown in Fig. 8. The bands have been assighedlues
0! and spin parity assignments have been made. The spin parity
70 80 90 100 110 120 130 140 150 160 170 assignment of thé2’Th ground state has been the subject of
E, (keV) much interest. Leander and Chii8] first made the surpris-

ing suggestion that the ground state BfTh was 1/2 in
FIG. 6. Projection ofy rays in triple coincidence witly rays of  their seminal paper on odd=219-229 nuclei. The first
72.2 keV. The absence of a 162.0-keV peak is indicated. strong experimental evidence to support this assertion was
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1 4
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4572+

412.6 —_— 372-
35/2+

A
— ! 4235
6 5 4172+ '
woL7) 39/2-
396.7 i o Y s
v
385.8
—————————————— 3945
35/2—

335 L6 S "—" FIG. 8. The full level scheme
¥ 272+ ) 08 »02- of ??'Th. The K™=1/2" parity
1N : 360.6 doublet structure is emphasized.

apy 3386 5 ~ 32y v The band labels of Figs. 7 and 1

A L - A B .

22-y 11680 N ¥ 23724 Xy s 25/2 are shown at the top of the figure

1123.9 h A R N for ease of reference. Levels and
2 292+ 2 27/2- Y 321.0 . s

A 2976 \Z, wee B B oS v transitions within the dashed box

17/2-y 8704 ¥ 192+ Vo 2685 2172~ are not drawn to scale. Level ex-

citation energies are shown for

13/2_"25631'§ s bands 5 and 6 and may be ob-

EE— tained for K™=1/2* bands from

Figs. 11 and 12.

the observation of maximum alignment for &l,y) angular  spin assignments that give level ordering typical oKa

correlations observed in the decay of ??’Th into ?>>Ra  =1/2" band. These assignments are based Upbrtransi-

[19]. Low temperature nuclear orientation measurementsions connecting this band to the unfavored signature of the

[13] have subsequently strengthened this assignment. In Figt™=1/2" band, which restrict the spins of many levels to

7 we have shown bands 1 and 4 to be extensions of thene value only. In this way we have been able to confidently

ground state band with positive parity determined from theassignJ™=5/2" to the level at 150.1 keV in contrast to the

E2 and M1 multipolarities ascertained by previous work J7=11/2" assignment of Mannet al. We believe band 3 to

[13,14. These two sequences are, therefore, interpreted ds the high-spin extension of the favored signature of the

the favored and unfavored signatures oK&=1/2" band. K7"=1/2" band. The spin ordering is consistent with such an

The assignment of spins to tH€"™=1/2" band has been interpretation, as are thE2 intraband transition energies

based upon the observed multipolarities while reproducingvarying slightly from those of the favored signature as in the

the spin ordering expected under the Coriolis perturbatiolK "=1/2" case.

(Fig. 10. The angular momentum along the rotational akjshas
The level at 37.9 keV is known to havl=3/2" from  been calculated for all sequendexcept band pusing

the measuredEl decay to the ground state. For kK™

=1/2" band with—1>a>—6 theJ"=3/2" level has low- J (D) =V(I+3)?—K2 (1)

est excitation energyFig. 10 and the 37.9-keV level has

thus been a strong candidate foK&=1/2" bandhead since

this state was first identifiefll2]. Both this level and the

J7=7/2" level at 73.6 keV belong to the favored signature

of theK™=1/2" band with the expected™=11/2- member

not observed. From the interpretation displayed in Fig. 7, the

119.1-keV transition feeds th&"=5/2" level that is con- S=+i: J7=3"

nected to thed"=7/2" level via a 76.5-ke\E2 transition. It

is, therefore, likely that band 2 is the unfavored signature of

the sameK™=1/2" band. Further support is provided by the s=—i: J™=3",37,

The rotational frequency dependencelgfis shown in Fig.
9. The bands are labeled by parity and simplex with positive
and negative simplex sequences given by

3- 5
2 12

5—
2
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250 - - - - difficult due to the paucity of information. This band is only
= =+ve, 5=+ ébazdzﬂ tentatively proposed from weakly observed interband transi-
DS tions to band 5. As the-ray intensities of these transitions

200 88 rmsve, s=i band 4) ] do not conclusively indicat&1 multipolarity we choose not

n=—ve (band 5) o to attempt spin or parity labeling of the levels in band 6 and
. // can, therefore, make no estimation of tdevalue of this
150 1 ;7 band.
é; ///y //
- o -
100 | D////,// pﬁ/ . C. Extraction of decoupling parameters
A The energy levels of K =1/2 rotational band are given to
/ o second order by
50 F ) - 1
e :
v EJ,Kst_Z_ZKZ
00 : : : ' J
0.00 0.05 0.10 0.15 0.20
ho h? 1 J+(1/2
+ 5= I3+ 1) +| I+ 5 ]a(—1PTER)
FIG. 9. A plot of angular momentum along the rotational axis as 2J 2
a function of rotational frequency. Sequences are labeled by sim- 1 2
plex and parity with the rotational band labels also indicated for —B{J(J—F D+[I+= a(_l)[\]Jr(l/Z)]} .2
ease of reference. 2

The plots shown in Fig. 9 suggest that bands 1 and 3 as welthere[ J+ (1/2)]a(— 1) (21 js the Coriolis term and is

as bands 2 and 4 do indeed form simplex partners with théhe decoupling parameter. The inverse moment of inertia

gap between these two pairs of sequences being indicative ¢f/2.7 is often denoted as the energy paramétess it cor-

the signature splitting expected fi&r"=1/2* bands. responds to the inertial coefficient in the leading-order term.
We assignE1l multipolarity to the interband transitions The second-order term, with the associated inertial parameter

between bands 5 and 4 based upantensities and because B, accounts for the rotation-vibration interaction and relaxes

transitions with K, —K,|>\ (where\ is the multipole order the dependence upon a constant moment of inertia through-

of the linking transition areK forbidden, aK”=3/2" inter-  out a given band. Equatiof?) is plotted to first order in Fig.

pretation seems likely for band 5. This band is also included.0, the usuall(J+ 1) relationship is seen on theaxis for

in the alignment plot of Fig. 9. The interpretation of band 6 isa=0.

Ejx € 1=15/2

N / \\ / (253/4 + 8a)
J=1372 i / \
(193/4 - Ta) . | 1% >
\
, 1112

§ \ (141/4 + 6a)

FIG. 10. Level energies in &=1/2 band

\,

J=9/2 N I=21/2 plotted against decoupling parametefThe term
(97/4 = 5a) 50 (481/4 - 11a) in parentheses corresponds to the valug X
+1)—2K2+(J+1/2)a(—1)PT12] [see Eq.
1=7/2 (2)]. The vertical dashed lines represent the de-
J=19/2 (6174 + 4a) coupling parameters predicted by Liaagal. as
(397/4 + 10a) discussed in the text.
t 30

1=5/2 1=17/2
(33/4-3a) (321/4-9a)
. 1=32
o (13/4 + 2a)
I=1/2
(Vd-a)~

__4%_2 \2\4\'\\68'

L-10
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4512+ 2655.1 45/2+ 2648.8

372- 2436.9 37/2- 24411
392- 2094.5 392-_ _______ 21055
3572+ 2289.1 3502+ 22915
a2+ 22425 a2+ 22367 3372- 20134 B/ 20044
32— . 1708.7 32— . 17088
312+ 18874 3172+ 1894.3
T 553 T 3 2972~ 16189 29/2— 1608.1
32— 1357.9 32— ____13539
272+ 15158 2712+ 15209
25/2- 1258. 25/2- P
3372+ 14723 En 14727 3 8.3 S 336
- . 10466 202-________1042.1
23/2+ 11772 23/2+ 11778 21/2— 937.3 21/2— 942.2
2972+ 11296 2902+ 1134.1 2302 778.1 B2-_ . 7745,
17/2- 662.3 17/2— 675.0
1972 873.3 1972
- — — ops 5536 - 5520
2572+ 8236 252+ 8321 e 356 13p 4530
15/2+ 607.8 3 SR
152+ 60 15— 378 152= 3754
212+ 5599 2072+ 5714 one 502 o 76,9
11/2+ 383.1 11/2+ 3823
17/2+ 3442 172+ 356.0 :
T 2044 12+ 208.7 /2= 150.1 2= 1473
132+ 1822 1372+ 189.1 -
J— 32+ 779 32+ 856 : 12 73.6 72— 654
: o+ 762 972 730 . 32- 37.9 3= 296
S 93 o2t 08 Experimental Fitted
1/2+ 0.0 172+ 0.0
"""""" FIG. 12. A plot of experimental energies and fitted energies for
Experimental Fitted R : Coe = _
the K™=1/2" band using a minimization procedure to obtain best

FIG. 11. A plot of experimental energies and fitted energies forflt parameters to Eq(2) for the experimental levels shown. An

- . : s - additional perturbation has been included into the fit for the levels
the K™=1/2" band using a minimization procedure to obtain best . . .
) ; of band 3, which are here denoted by dashed lines. For details of the
fit parameters to Eq2) for all the experimental levels shown. Lev- . .

o parameters obtained see text. Levels within the dotted box are not
els within the dotted box are not drawn to scale. drawn to scale

The identification ofK ”=1/2" bands allows the extrac- a rather good fit, however, by assuming a fixed displacement
tion of decoupling parameters which should provide a test obf band 3 relative to the remainder of th&=1/2" band.
the proposed parity doublet nature. The decoupling paranifhis is incorporated into the fitting routine by fitting the
etera can be obtained by fitting the experimental levels tolevels of band 3 with a termay, in place ofe , which is used

Eq. (2). Liang et al. [12] performed calculations fof*'Th  for the remainder of th&™=1/2" band. The terme is
using a folded Yukawa reflection-asymmetric_potential togijven by

predict values of the decoupling parameters?#iTh. This

strong coupling model approadiwvith e;=0.08) suggested ex=¢ex+C, ©)

|a|=3 for the K"=1/2 bands. Such a value would lead to

energetically degenerate levels that havealues differing  where the constar@ defines the displacement of band 3. The

by 3 in the favored and unfavored signatures of khe1/2  result of fitting all of the K™=1/2" band gives: A

bands(see Fig. 1D A cursory view of the propose&™ =5.92 keV, decoupling parametea=—2.98, B=4.26

=1/2" band shows a near degeneracy of this type, with thex 10" % keV, and sx=45.64 keV with C=97.0 keV. The

results of the fitwith the ground state fixed at zergiving: rms deviation of the fitted levels from experimental values is

A=6.66 keV, decoupling parametea=3.27, B=1.86 7.5 keV and a comparison between fitted and experimental

x 10 3 keV, ande=20.16 keV. The rms deviation of the levels is shown in Fig. 12. It should also be noted that the

fitted levels from experimental values is 4.7 keV and a com-omission of thel”=39/2" andJ"=37/2" levels from the fit

parison between fitted and experimental levels is shown imesults in a reduction of the rms deviatiio ~6 keV) and

Fig. 11. It should be noted that any alternative spin orderingould, therefore, indicate the presence of band crossing ef-

results in a very poor fit to the energy levels. fects at the highest observed spins of Ki&=1/2" band.
Unfortunately, applying a fit of the relationship given in The decoupling parameters obtained for bkith=1/2" and

Eq. (1) to the K™=1/2" band results in a poor agreement K”=1/2" bands,a=3.27 and— 2.98, respectively, lie close

between experimental and fitted energies. We have achieved magnitude with opposite sign. Such values suggest these
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bands may be built upon a single intrinsic state of mixed
parity. The agreement with the prediction of Liaegal.[12] 500 |
(J]a]=3) is also excellent. The nature of the perturbation, .
which generates the apparent displacement of K& s0f ¢ * o

=1/2" favored signature somewhere betweén-7/2" and . ¢

7=15/2", is unknown. Unfortunately we have not observed S t100F ® .
the expected™=11/2" level that might have thrown more & S, AR 3P
light on the problem. As the band-mixing considerations of & 100} e
Lianget al.[12] in the intermediate coupling regime indicate g" °
considerable mixing betweek=1/2 andK=3/2 states we 800 | ° o
have tested the hypothesis that Coriolis coupling betweer 2 5
K=1/2 andK=3/2 bands could cause the perturbation. We . ‘| ° o |
have performed band-mixing calculations assuming a nona ’ °© %500
diabatic Coriolis coupling between the¢™=1/2" and K™

=3/2” bands. These calculations are unable to generate th 7000 50 100 150
observed experimental levels and we can suggest no othe. 3,
S;ailgflctt)(;;yd explanation for the perturbation of the" FIG. 13. The parity splitting of th&™= 1/2* doublet as a func-

tion of spin. Closed circles denote the experimental points while
_ - open circles denote the hypothetical splitting obtained by subtract-
D. Parity splitting ing 97 keV from the experimental energy levels of band 3.

The parity content of the intrinsic state can be estimated

in the strong coupling limit from the parity splitting of the 13. The figure displays splitting calculated from the observed
odd-A nucleus compared to that of the even-even neighborlgvel energies as well as the hypothetical splitting obtained

[18], by subtracting the 97-keV offset of band 3 described in sec-
tion C. The actual splitting(denoted in Fig. 13 by closed

~ Ej;-—E;+ circles displays a marked transition at the onset of band 3 as
<W>:W- 4 opposed to the hypothetical pointdenoted in Fig. 13 by

open circlegthat continue along a smooth continuous curve.
AL . L : The parity splitting should indeed form a smooth continuous

ngf(w) IIS theEpaEté con_ter:‘;] of the.tmt”nff'tf[:. statef '?hthe curve and, therefore, we take Fig. 13 as further evidence for

0 nucleus, £,-—E,+ 1S the panty Spiiting of e o horiyrbation of band 3. From Fig. 13 we are able to give

nugleus concerned, grEi(O*) is the splitting of the core, a limit for the parity content of th& =1/2 intrinsic state and
which can be approximated from the average of the extrapo-

lated 0" state in the nearest even-even neighbors. A parityind 0-0<(m)<0.2. This value would seem to be in good
content near unity suggests an intrinsic state of definite paritf9reeément with the expectation of a parity doublet.
whereas a value near zero suggests an equal admixture of

positive and negative parities in the intrinsic state. We use a E. Electric dipole/quadrupole ratios

value for the core splittind=(0™) =263 keV obtained from N _

the energies of thd"™=1" states in?*Th and ?%°Th [20] The dglterml_nagon OB(E1)/B(E2) ratios for some of
; 2 the transitions in??’Th allows a comparison of the intrinsic
minus#</ 7. S . . :
Do/Q ratio with that of the neighboring even-even nuclei.

We can also estimate the parity splitting betwegfi . . o
=1/2* bands. First, the energy splitting between the intrinsic’o‘ccoidlng to Bohr and_MotteIsoﬁZl], in the case 01.K
=1/2" bands the spherical component of the intrinsic elec-

parity doublet can be approximated as the difference between. diool . The1 o h
the respectivesy values for K™=1/2 bands vyielding a tric blpo € moment Is nofnéer. thrag;mon strengt
value of 25.5 keV. Alternatively the parity splitting can be C&n b€ written in terms of botB, and D, [22]

calculated as a function of spin, independent of signature 3

splitting, from the relationship8] B(El;JiHJf):E‘UiKilOMfo}DO

6 ()= 5[Ee i(3)~Epri(3')+Ee(3) i

1
+(—1)Ui+<1’2>1<3i— 511 (6)

1
Ji5)Da

. _ However, Bohr and Mottelson state that the experimental
where the IeveAIs are labeled by simplex and parity. In the,;,carvations set an upper limit of 0.1 for the rabg/D,
calculation of5E ;(J), interpolation is used for spins with a and a more recent experimental investigation onBKE1)
forbidden combination of simplex and parity while in casesstrengths betweerk "=1/2" bands in ?*Ra concluded
where neighboring levels have not been observed, extrapol@l/Dozo_m[zg]_ Similarly, D, /D, ratios have been mea-
tion is performed over the two available neighbors of thegyred in23tTh [24] and found to be<0.04. As these values
same simplex&IAEW(J) is plotted as a function of spin in Fig. are of the same order as the experimental errors associated

—Es (3], (5
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TABLE V. Dy/Qq ratios from measuretl,(E1)/1 (E2) values.
The first five values given are for band 4 and the last value is for
band 3. Further details on the calculation of these ratios is given in  gg9 - ]
the text.

Gating transitionkeV) E,(E1) E,(E2) Dg/Qq(10 % fm™?) 040 r I I I E 1

224.7 E2) 1139  178.7 2.39) E 050 L T

233.7 E1) 1139 1787 24) =

303.7 E2) 211.2 265.7 2®) - I

338.6 E2) 239.8  303.7 2@ 020 r

325.2 E1) 239.8 303.7 28

311.3 E2) 223.0 268.5 28 0.10 I . 1

5 <

with our B(E1)/B(E2) ratios, we ignore the contribution of ~ *%2s 31 13 135 137 13 141

D, to theB(E1) strength and use the following relationships N

to obtainDo/Q ratios: FIG. 14. A plot of electric dipole systematics for thorium iso-

3 topes. Closed circles represent measured dipole moments in the
. _ " /K. 212 ground state band. The second point given?8Th and denoted by
B(ELJi—Jy) 477<J'K'1O|Jfo> D3 @ an open circle is the measured dipole moment in an exdited
=3/2* parity doublet band. Data is taken frdi,9,20,286.
5
B(EZ;‘Ji_"Jf):E<‘JiKi20|Jfo>2Q(2)v (8)  51.9 keV observed I3 a-decay studie$13] has been

proposed for a transition from a 76.2-keV level to the 24.3-

which vyields, keV level, which would limit that 76.2-keV level td<7/2
as opposed to our assignmentXf 9/2. Mannset al. sug-

Do (5 B[E1J—(J-1)] (J-K—-1)(J+K—1)\*2 gested that band 1, linked via the 51.9-keV transition, has
Q, |16B[E2J—(J—2)] (I—1/2(J3—1) : K™= 3/2". This arrangement leads to inherent problems with

(9)  the spin assignments of the low-lying structure. Therefore,
although we agree that the 24.3-keV level is a strong candi-

The deduced spin assignments allow the first accurate detedate for ak™=3/2" bandhead, we believe the 51.9-keV
mination ofD,/Q, ratios for 22’Th. The values are given in ray observed by Miler et al. [13] is unlikely to originate
Table V. Five values are given for bandi4., theE2 tran-  from the 76.2-keV state observed in the present work. We
sitions in theK™=1/2" band and th€&1 transitions from the feel this transition is more likely to originate from another
K™=1/2" band to the "=1/2" band and a further value is almost degenerate level, such as the unobseiki/ed 1/2-,
calculated for band 3i.e., the E2 transitions in theK™  J7=1/2" state that is expected at an energy close to 76 keV.
=1/2" band and thé&1 transitions from th&™=1/2" band It is perhaps also worth noting that the 24.3-keV (3/2evel
to theK™=1/2" band. Taking the mean of thB,/Q, ratios is linked to the 99.2-keV leve]13], which is possibly the
for the two neighboring even-even nuc[@5], we obtain a 5/2" member of theK”™=3/2" band although we have
value of~2.6(10 2 fm~1) against which the ratios of Table been unable to locate any candidate for higher members of
V can be compared. The agreement is excellent, suggestirtgis band. As we cannot determine whether %= 3/2*
that the strength of the octupole correlations for this particuband forms a parity doublet with th&™=3/2" band it
lar neutron configuration if?’Th is comparable wittf?°Th  is not possible to deduce whether tK€=3/2" band de-
and ?28Th. For a more direct systematic comparison of thescribes reflection-symmetric or reflection-asymmetric collec-
electric dipole moment we can estim&g to be the mean of tive excitation.
the values found experimentally for the two even-even

neighbor§. Assuming a 10% uncertginty from this procedure IV. CONCLUSION

we igb:?\:nf|l?0![;0.t2hl(ri3)i:rr?. Itn Fgf.r %n4 ,:,N_elglgtt'Dﬁl The level structure of?>’Th has been studied in the
Agaiistls of e orium ISoIopesto - © 225Ra(a,3n)??'Th reaction at a bombarding energy of 33
=140). A smooth systematic trend is observed. a, 9 ay

MeV. Previously observed high-spin rotational sequences
have been confirmed and extended to higher and lower exci-
tation energies. The relative positions of these sequences
One last level of interest is a 24.3-keV’'=3/2" state  have been refined, allowing the successful inclusion of the
identified in previous studies of this nucle2,13 but not  larger number of high-spin states into the low-spin decay
included in our level scheme. This spin and parity have beestructure for the first time. The level structure is described by
unambiguously assigned from a measul&d transition to  Coriolis staggeredK "=1/2" parity doublet bands and a
the ground state and this state has, therefore, been interpretgd=3/2" sequence with a further tentatively assigned band
as the bandhead ofl@™=3/2" band. Furthermore, aray of  deduced from interband transitions. The remarkable four pa-

F. Miscellaneous levels
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rameter fit to the 21 levels of thk™=1/2" band provides This is approaching the value of zero expected for an intrin-
further strong confirmation, if needed, of td&=1/2" as- sic state of equally mixed positive and negative parities.
signment to the ground state &'Th. The favored signature D,/Q, ratios for theK "=1/2* bands have been calculated
of theK”=1/2" band appears to become perturbed betweefrom measured(E1)/B(E2) values and were found to be
the J"=7/2" andJ"=15/2" levels. The interaction respon- consistent with the mean value of tBg/Q, ratios given for
sible for this effect is unknown. Coriolis coupling to the nejghboring even-even nuclei. This result provides further
K™=3/2" band does not appeal’ to be a I|ke|y source of th%vidence of Strong Octup0|e Co||ectivity_

perturbation based upon our band-mixing calculations. In-
stead, the levels appear to have been displaced in energy by
a constant 97.0-keV offset, a reduction of this amount from
the energies of the perturbed levels allows a convincing fit of
the wholeK™=1/2" band to the relationship given in Eq.  This work was supported by the U.K. Engineering and
(1). K™=1/2* bands have decoupling parameters that are oPhysical Sciences Research Council, the European Union
similar absolute values but different signs as expected for &ifth Framework Programme “Improving Human
reflection-asymmetric rotor. The magnitude of the decou-sotential—Access to Research Infrastructuf@bntract No.
pling parameters is also close to that predicted by LianddPRI-CT-1999-00044 and by the the Academy of Finland
et al. within the strong coupling basis. These bands form aunder the Finnish Centre of Excellence Programme 2000-
parity doublet and??’Th is, therefore, shown to exhibit con- 2005 (Project No. 44875, Nuclear and Condensed Matter
siderable octupole deformation in the ground state configuPhysics Programme at JY[LN.J.H. and R.D.H. would like
ration. This interpretation is further strengthened by an estito thank the EPSRC for financial support. The EUROGAM
mation of the parity content of th&=1/2 intrinsic state. detectors were provided from the U.K./France EPSRC/
Consideration of parity splitting in th€™= 1/2* bands gives IN2P3 loan pool. The NORDBALL detectors were provided

a parity content that is positive with an upper limit of 0.2. by the Niels Bohr Institute, Denmark.

ACKNOWLEDGMENTS

[1] K. Alder, A. Bohr, T. Huus, B. Mottelson, and A. Winther, Rev. [16] P.J. Nolan, D.W. Gifford, and P.J. Twin, Nucl. Instrum. Meth-

Mod. Phys.28, 432(1956. ods Phys. Res. 236, 95 (1985.
[2] K. Lee and D.R. Inglis, Phys. Re%08 774 (1957). [17] B. Herskind, inProceedings of the Second International Con-
[3] I. Ahmad and P.A. Butler, Annu. Rev. Nucl. Part. S48, 71 ference on Nucleus Nucleus Collisipnedited by H. A.
(1993. Gustafsson, B. Jakobsson, I. Otterlund, and K. AleKsticl.
[4] P.A. Butler and W. Nazarewicz, Rev. Mod. Phy&3, 349 Phys.A447, 395c(1986)].
(1996. [18] G.A. Leander and Y.S. Chen, Phys. Rev. &, 2744
[5] RR. Chasman, Phys. Le@6B, 7 (1980. (1988.
[6] S. QNiok and W. Nazarewicz, Phys. Lett. B4, 5 (1989. [19] G.D. Jones, T.H. Hoare, P.A. Butler, and C.A. White, J. Phys.
[7]S. Qwiok and W. Nazarewicz, Nucl. PhysA529, 95 G 17, 713 (1992; T. H. Hoare, Ph.D. thesis, University of
(1991). Liverpool, 1991; G.D. Jones, P.A. Butler, T.H. Hoare, and P.M.
[8] M. Dahlinger, E. Kankeleit, D. Habs, D. Schwalm, B. Jones, Eur. Phys. J. 2 129(1998.
Schwartz, R.S. Simon, J.D. Burrows, and P.A. Butler, Nucl.[20] P. Schier, Ch. Lauterbach, Y.K. Agarwal, J. De Boer,
Phys.A484, 337 (1988. K.P. Blume, P.A. Butler, K. Euler, Ch. Fleischmann,
[9] J.R. Hughes, R. Tite, J. De Boer, P.A. Butler, C. Gither, V. C. Gunther, E. Hauber, H.J. Maier, M. Martendlg
Grafen, N. Gollwitzer, V.E. Holliday, G.D. Jones, C. Lauter- Ch. Schandera, R.S. Simon, R.llEpand P. Zeyen, Phys. Lett.
bach, M. Marten-Tte, S.M. Mullins, R.J. Poynter, R.S. Si- B 174, 241(1986.
mon, N. Singh, R.J. Tanner, R. Wadsworth, D.L. Watson, and21] A. Bohr and B. R. MottelsonNuclear Structure(Benjamin,
C.A. White, Nucl. PhysA512, 275(1990. New York, 1975, \Vol. 2.
[10] G.I. Novikova, E.A. Volkova, L.I. Goldin, D.D. Ziv, and E.F. [22] P.A. Butler and W. Nazarewicz, Nucl. Phy#533, 249
Tretyakov, Zh. Eksp. Teor. FiZ37, 928 (1960 [Sov. Phys. (1991).
JETP10, 663(1960]. [23] C.W. Reich, I. Ahmad, and G.A. Leander, Phys. L&%9B,
[11] C.F. Liang, R.K. Sheline, P. Paris, M. Hussonnois, J.F. Ledu, 148 (1986.
and D.B. Isabelle, Phys. Rev. 49, 2230(1994. [24] A.J. Aas, H. Mach, J. Kvasil, M.J.G. Borge, B. Fogelberg, I.S.
[12] C.F. Liang, P. Paris, R.K. Sheline, D. Nosek, and J. Kvasil, Grant, K. Gulda, E. Hagebg, P. Hoff, W. Kurcewicz, A. Lin-
Phys. Rev. (51, 1199(1995. droth, G. Livhdiden, A. Mackova, T. Martinez, B. Rubio, M.
[13] U. Mulller, P. Sevenich, K. Freitag, C. @ther, P. Herzog, G.D. Sanchez-Vega, J.F. Smith, J.L. Tain, R.B.E. Taylor, O. Teng-
Jones, C. Kliem, J. Manns, T. Weber, and B. Will, ISOLDE blad, and T.F. Thorsteinsen, ISOLDE Collaboration, Nucl.
Collaboration, Phys. Rev. 65, 2267 (1997. Phys.A654, 499 (1999.
[14] J. Manns, J. Giger, C. Gunther, U. Miler, T. Weber, and J. de  [25] B. Ackermann, H. Baltzer, C. Ensel, K. Freitag, V. Grafen, C.
Boer, Eur. Phys. J. 8, 263(1998. Gunther, P. Herzog, J. Manns, M. Martenilgg U. Mdller, J.
[15] P.J. Nolan, Nucl. PhysA520, 657¢(1990. Prinz, I. Romanski, R. Tite, J. deBoer, N. Gollwitzer, and H.J.

064315-11



N. J. HAMMOND et al. PHYSICAL REVIEW C 65 064315

Maier, Nucl. PhysA559, 61 (1993. Nyman, B. Rubio, J. L. Tain, O. Tengblad, and T. F. Thorstein-
[26] K. Gulda, W. Kurcewicz, A. J. Aas, M. J. G. Borge, D. G. sen, Nucl. Phys(to be published

Burke, B. Fogelberg, I. S. Grant, E. Hagebd. Kaffrell, J. [27] R.S. Hager and E.C. Seltzer, Nucl. Data, Sect.4A1

Kvasil, G. Lovhgiden, H. Mach, A. Mackova, T. Martinez, G. (1968.

064315-12



